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In the present work, a mathematical model was developed to understand the
multiphase flow behavior in a Rheinsahl–Heraeus (RH) reactor by using the
Euler–Euler approach, and the effects of initial bubble diameter, nonequilib-
rium expansion of bubble caused by sudden thermal effect and sharp pressure
drop, and various interphase forces were considered and clarified. The simu-
lation results of mixing time, liquid circulation rate, and local liquid velocity in
RH agree well with the measured results. The result indicates that the initial
bubble diameter has a weak impact on the multiphase flow but that the bubble
expansion has a tremendous impact on it for an actual RH. Meanwhile, the
drag force and turbulent dispersion force strongly influence the multiphase
flow, whereas the lift force and virtual mass force only have negligible influ-
ence on it. Furthermore, the turbulent dispersion force should be responsible
for reasonable prediction of multiphase flow behavior in the RH reactor.

INTRODUCTION

During production of low-carbon and ultra-low-
carbon steels, the Rheinsahl–Heraeus (RH) reactor
plays a crucial role in the refining process for
removing the hydrogen, carbon, and inclusions from
molten steel and homogenizing the components and
temperature of steel.1–4 The achievement of these
functions is dependent on the flow field present in
the RH reactor. Therefore, to accelerate the refining
efficiency, it is necessary to investigate the charac-
teristics of fluid flow and mixing behavior in the RH
reactor. As illustrated in Fig. 1, RH refining begins
with lifting the ladle or reducing the vacuum
chamber until immersing snorkels in the melt.
Then, the melt will be suctioned into the snorkels
and occupy the lower part of the vacuum chamber
through reducing the pressure in the vacuum
chamber to an extreme value. After that, com-
pressed argon is blown into the up-snorkel through
nozzles, which causes the melt to recirculate
between a vacuum chamber and a ladle.

It is widely accepted that the refining efficiency
can be promoted when the circulation flow rate
increases and the mixing time decreases.3,5

Because it is impossible to measure the circulation
rate of the actual RH reactor directly, few mea-
surements of mixing time have been conducted to
predict the circulation rate.6,7 For the same reason,
some formulas based on water modeling have been
proposed to calculate the circulation rate and
mixing time in the actual RH reactor.8,9 However,
there are many problems when the results of water
modeling are applied to an actual RH reactor as a
result of the significant difference of conditions. In
1975 and 1983, Nakanishi6 and Shirabe,1 respec-
tively, proposed a two-dimensional mathematical
model by specifying the melt velocity at the end of
snorkels, in which the vacuum chamber and gas
phase were ignored and short circuiting of flow
between the snorkels was observed. In the same
way, three-dimensional methods were developed to
simulate the melt flow only in the ladle of the RH
reactor by many researchers,7,10–12 in which no
short circuiting was observed. Gas–liquid multi-
phase flow in the up-snorkel plays a decisive
function in determining the characteristics of cir-
culation and mixing in the RH reactor, so it is not
appropriate to neglect the vacuum chamber and
gas phase. Later, based on the homogeneous fluid
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model, numerous authors13–19 investigated the
fluid flow of the whole RH reactor. In these models,
to calculate the buoyancy force acting on gas,
which was added in momentum equation as a
source term, the shape and position of the gas–
liquid multiphase region (plume zone) were con-
sidered. However, the shape and position of the
plume must be prespecified and normally obtained
from empirical correlations, which also limits their
application. More importantly, these empirical
correlations were obtained experimentally under
a single nozzle;20–23 nevertheless, a big difference
of the gas-holdup distribution and plume shape
were observed between multiple nozzles and a
single nozzle in the case of horizontal gas
blowing.24

To overcome the shortcomings with the homoge-
neous fluid model, multiphase models, i.e., Eulerian–
Lagrangian and Eulerian–Eulerian approaches,25–29

were put forward. In the Euler–Lagrange approach,
liquid is treated as a continuum by solving the
Navier–Stokes equations, whereas gas is solved by
tracking a large number of bubbles through the
calculated flow field. As demonstrated by Kishan,25

the predicted circulation rate with this approach for
water modeling was considerably less than observa-
tion. Actually, the Euler–Lagrange approach
requires that the gas-holdup is generally less than
12%.30 Thus, this approach may not be appropriate
for treating the behavior of gas-liquid flow in the RH
reactor because of the higher gas-holdup in the
plume zone.31 Cournil et al.32 also suggested that
compared with the Eulerian–Lagrangian approach,
the Euler–Euler approach should be a better choice
to obtain a precise result for the RH reactor.

In the Euler–Euler approach, the continuation and
momentum equations are satisfied by each phase
individually, and both phases are coupled by inter-
phase forces. Recently, some authors22,33–41 investi-
gated the multiphase flow in the RH reactor with the
Euler–Euler approach. However, compared with the
experimental results, predictions were still far from
satisfactory. For water modeling, predicted values at
different gas flow rates were consistently lower than
the experimental values with an error of about 15% to
20%, as reported by Kishan.35 Interestingly, opposite
results were found in the study of Sheng et al.,38,39 in
which predictions under a different gas flow rate
were always higher than the experiments with an
error of 10–15%. Also, the predictions of the water
circulation rate by Parreiras et al.36,37 were close to
the experimental results only at a narrow range of the
gas flow rate. In addition, based on the Euler–Euler
approach, the gas-adhering wall effect33 was
observed by most research,22,33–37,40,41 whereas this
phenomenon was absent in individual studies38,39

regardless of water modeling or the actual RH
reactor. Obviously, the large differences among dif-
ferent investigations mainly came from the consid-
eration of various interphase forces. Unfortunately,
almost no author investigated the influence of vari-
ous interphase forces on multiphase flow in the RH
reactor, although these forces have been fully devel-
oped in a number of fundamental studies.42,43 Com-
pared with water modeling, there were more
problems waiting to be solved for the actual RH
reactor. The most serious problem was how to
consider the nonequilibrium expansion of bubble
caused by a sudden thermal effect and sharp pressure
drop in the rising process of argon in the melt. By
using the Euler–Euler approach, Kishan35 calculated
the circulation rate in an actual RH reactor and found
that the predicted value was much lower compared
with the value in the actual plant, as a result of the
neglect of bubble expansion.35 Hence, Kishan25,35

proposed that gas expansion must be considered, and
this was also realized by Parreiras et al.36,37 How-
ever, this was neglected by all the researchers22,33–41

who studied the multiphase flow in an actual RH
reactor with the Euler–Euler approach.

In general, it can be concluded that, for the
Euler–Euler approach, the key factors that affect
accurate prediction of multiphase flow in the RH
reactor are the consideration of gas expansion and
the reasonable inclusion of various interphase
forces. Therefore, the aim of the present work is to
develop a mathematical model to reasonably
describe the multiphase flow in an RH reactor
based on the Euler–Euler approach. The simulation
results of mixing time, liquid circulation rate, and
local liquid velocity are compared with the mea-
sured data. Meanwhile, the effects of the initial

Fig. 1. Schematic diagram of an RH reactor.

Investigation of Gas and Liquid Multiphase Flow in the Rheinsahl–Heraeus (RH) Reactor
by Using the Euler–Euler Approach

2139



bubble diameter, bubble expansion, and various
interphase forces on the multiphase flow in the RH
reactor are investigated.

MATHEMATICAL MODEL

The multiphase flow in the RH reactor has been
solved with the Euler–Euler approach based on the
following assumptions:

a. Both phases are Newtonian and viscous;33,44 the
liquid phase is incompressible.35,44

b. The effect of slag on fluid flow is ne-
glected;35,44,45 fluid flow is at steady state.35,44,45

c. Bubbles are assumed to be spherical.22,25,33

d. Many models for bubble breakup and coalescence
are available in chemical engineering litera-
tures.46–48 However, none of them have been
validated for the argon–steel system in metal-
lurgy. In previous literatures,22,25,33,35 the coa-
lescence and breakup of bubbles, and the
interactions among bubbles, are completely ne-
glected, and the same assumption was made here.

e. In the present work, gas expansion caused by
thermal and pressure effects is considered for
the actual RH reactor; that is, the injected gas
will absorb heat from melt. For bubbles, the
absorbed energy is enough to heat bubbles from
room temperature to melt temperature. Thus,
the gas properties must be treated as a function
of temperature and pressure. However, for melt,
the temperature drop caused by bubble absorb-
ing is small, which is not enough to influence the
melt properties notably. So, the melt tempera-
ture is assumed to keep constant (1873 K).

Governing Equations

Mass conservation:

@

@t
ðaiqiÞ þ r � ðaiqi~uiÞ ¼ 0 ð1Þ

ai, qi, and ~ui are the volume fraction, density, and
phase-averaged velocity vector of liquid (i = l) and
gas (i = g), respectively. A constraint condition
(ag + al = 1) is satisfied to enclose the model.

Momentum conservation:

@

@t
ðaiqi~uiÞ þ r � ðaiqi~ui~uiÞ

¼ �airpþr � ai ll þ lt;l

� �
r~ui þ ðr~uiÞT
� �h i

þ aiqi~gþ ~Fi

ð2Þ

~g is the gravitational acceleration vector, ll is the
liquid viscosity, and lt;l is the turbulent viscosity of
liquid, which can be determined by a k–e dispersed

turbulence model. p is the pressure, and ~Fi is the
interaction force between two phases:

~Fl ¼ �~Fg ¼ ~Fdrag þ ~Flift þ ~Fvm þ ~Ftd ð3Þ

where the terms on the right side of Eq. 3 denote the

drag force (~Fdrag), lift force (~Flift), virtual mass force

(~Fvm), and turbulent dispersion force (~Ftd),
respectively.

Drag Force

For gas-stirred multiphase flow in the RH reactor,
drag will tend to slow the fast-moving bubble and
will speed up the surrounding liquid due to viscous
dissipation. Generally, the drag force is the domi-
nant contribution to the interaction forces, which is
described as follows:

~Fdrag ¼ Kglð~ug � ~ulÞ ð4Þ
Kgl is the interphase exchange coefficient:

Kgl ¼ CD
3agalql

4dg
u!g � u!l

�� �� ð5Þ

dg is the bubble diameter, and CD is the drag
coefficient, which can be estimated from the model
of Schiller and Naumann49 and has been widely
used to model gas–liquid flow for a spherical
bubble:50–52

CD ¼ max 24 1 þ 0:15Re0:687
� �

Re; 0:44=
� �

ð6Þ

Re ¼
ql ~ug � ~ul

�� ��dg

ll

ð7Þ

Lift Force

The lift force acts on a bubble mainly caused by
the existence of velocity gradient in the flow field of
liquid, which is perpendicular to the main flow
direction:53,54

~Flift ¼ �CLqlagð~ug � ~ulÞ � ðr � ~ulÞ ð8Þ

CL is the lift coefficient, which typically has a value
of 0.5 for the spherical bubble.35

Virtual Mass Force

The virtual mass effect can occur when a bubble
accelerates relative to the liquid, which can be
defined as follows:53

~Fvm ¼ CVMagql

dl~ul

dt
� dg~ug

dt

� �
ð9Þ

The term di

dt
denotes the phase material time

derivative of the form di ~uið Þ
dt

¼ @ ~uið Þ
@t þ ~ui � rð Þ~ui and

CVM is the virtual mass coefficient, which typically
has a value of 0.5 for a spherical bubble.35

Turbulent Dispersion Force

The turbulent dispersion force can act on a bubble
due to the turbulent fluctuation of liquid:
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~Ftd ¼ �Kgl~udrift ð10Þ
~udrift is the drift velocity:55

~udrift ¼ �Dt;gl

rgl
� rag

ag
�ral

al

� �
ð11Þ

rgl is the dispersion Prandtl number, which can be
set as 0.75.55 Dt;gl is the turbulent dispersion
coefficient.56

Bubble Properties

Several formulas were proposed to calculate the
initial bubble diameter, dg,0, formed at the nozzle
tip,25,57–59 and a reasonable result could be achieved
for the RH reactor by using the correlation reported
by Sano:31,60

dg;0 ¼ 0:091
rl

ql

� �0:5

u0:44
g;0 ð12Þ

rl is the surface tension, N/m, and ug,0 is the gas
velocity at the nozzle exit, m/s.

In the actual RH reactor, the difference between the
pressure of the vacuum chamber and the pressure at
the nozzle is so large that the argon expansion caused
by a pressure drop should be considered. Meanwhile,
the argon will be heated by high-temperature melt,
which also gives rise to the sudden expansion. When
rapid growth of the bubble in liquid occurs, the
pressure inside the bubble is much larger than that
at the surface because a pressure gradient is required
to accelerate the surrounding liquid.61 In addition, the
rising time of the bubble in melt is only about 1 s in the
RH reactor. Therefore, it is impossible to obtain an
equilibrium expansion. For the water model, air
expansion is ignored due to the normal temperature
and small pressure difference.

Szekely et al.62 presented a formula with respect
to the size of the rising bubble under reduced
pressure, and it was modified by Park14 to consider
the thermal effect:

d2rg

dt2
+

3

2rg

drg

dt

� �2

=
1

q1rg
P0

rg;0

rg

� �3 Tg

Tg;0

� �
� 1

 !

þ q1gurt

" #

t ¼ 0; rg ¼ rg;0;
drg

dt
¼ 0; Tg;0 ¼ 300

ð13Þ

rg is the bubble radius (m); Tg is the bubble
temperature (K); t is the rising time of bubble (s);
rg;0 and Tg;0 are the initial radius and temperature
of bubble at nozzle, respectively; P0 is the hydro-
static pressure at nozzle (Pa); and ur is the bubble
rising velocity relative to the melt (m/s).

Szekely et al.61 investigated the growth of bubble
rising in liquid under a vacuum condition, and it
was observed that despite the considerable expan-
sion, the rising velocity of bubble was almost kept

constant, due to the shape deformation from sphere
to spherical-cap.63 For simplicity, the rising velocity
of the bubble was still calculated by using the
following equation63 involving the shape deforma-
tion, and this had little effect on simulation results:45

ur ¼
4r2

l g

30qlll

ðql � qgÞ
ql

	 
1=5

ð14Þ

Bubble temperature can be calculated by:

qgCgVg
dTg

dt
= hgAg Tl � Tg

� �
ð15Þ

Tl is the melt temperature (K), and Vg, Ag, and Cg

are the volume (m3), surface area (m2), and heat
capacity (J/(kg K)) of the bubble, respectively. The
heat transfer coefficient (J/(m2 s K)), hg, can be
determined according to penetration theory:64

hg ¼ 2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
urqgCgkg

2prg

s

ð16Þ

The heat conductivity coefficient of argon, kg

(J/(m s K)), can be assumed as a function of
temperature:65

kg ¼ 0:0475Tg þ 3:2825
� �

� 10�3 ð17Þ

The heat transfer coefficient could only be calcu-
lated roughly because the bubble diameter was
assumed to be kept constant in penetration theory.

To describe the change in rising distance between
the bubble position and the nozzle position, h, with
rising time, t, the rising velocity of the bubble
relative to up-snorkel, ug (m/s), is required:

h ¼ ugt ð18Þ

ug = ul + ur ð19Þ
ul is the melt velocity in the up-snorkel, which can be
estimated from the equation proposed by Kuwabara:8

Ql ¼ 1:06Q1=3
g D4=3 ln

P0

Pvac

� �1=3

ð20Þ

Ql is the melt circulation rate (m3/s), Qg is the
gas flow rate (Nm3/s), Pvac is the pressure of the
vacuum chamber (Pa), and D is the snorkel
diameter (m).

Thus, the bubble diameter and density can be
obtained as a function of rising distance between the
bubble position and the nozzle position.

Boundary Conditions

The commercial software Fluent with user-de-
fined functions was used to solve the multiphase
flow in the RH reactor, and grid sensitivity exper-
iments were made. The geometrical parameters and
material properties employed are shown in Table I.
Figure 2 shows the mesh and boundary conditions.
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Only half of the geometric model was built due to
the symmetry (y = 0-mm plane) of fluid flow. The
walls of the ladle, snorkels, and vacuum chamber
were considered to be no-slip conditions. The stan-
dard wall function was employed for turbulent
characteristic in the near-wall region. A free liquid
surface was assumed at the surfaces of the ladle and
vacuum chamber, where there was an outlet for gas
and a free slip wall for liquid. The mass flow inlet
was used for gas blowing.

RESULTS AND DISCUSSIONS

Model Validation

Calculated velocity vectors for an actual RH
reactor at different sections are shown in Fig. 3
when the gas flow rate is 120 Nm3/h. As shown, the
melt in the ladle enters into the vacuum chamber
through the up-snorkel due to the drive of injected
gas from nozzles, and it spreads around and forms
two small recirculation zones in the vacuum cham-
ber. After that, it flows into the ladle through the
down-snorkel and straightly impinges the bottom of

the ladle with a high velocity; it then generates a
huge recirculation zone around the downward
stream in the ladle. Subsequently, the bulk of the
melt flows circuitously toward the entrance of the
up-snorkel, and the next circulation starts. The
entire flow pattern calculated in the present work
agrees well with many water modeling demonstra-
tions5,33,34,67 and recent simulations.31,44,66

To validate the present model, the computational
results in the present work are compared with the
experimental results reported in previous litera-
tures.15,66,67 In the work of Park,15,66 125 kg of
copper was added into a 330-ton RH reactor as a
tracer under three different gas flow rates. Steel
samples were taken out every 12 s or 30 s, and the
copper contents were analyzed to obtain the com-
plete mixing time. The complete mixing time is
defined as the time when the tracer concentration
(C(t)) achieves the range of ±3% of the final
concentration (C(1)). Figure 4 shows the calculated
variation of the concentration ratio (C(t)/C(1)) with
time at a gas flow rate of 120 Nm3/h, accompanied
with the measured complete mixing time.15,66 Here,
two monitoring points are located at the center of
the top and bottom of the ladle, respectively.
Typically, three to four circulation cycles are needed
for complete mixing of the melt in the RH reac-
tor.5,67 Similar to the result reported by Ajmani
et al.,7 the tracer concentration at the top has three
peaks before it achieves a steady value compared to
the concentration variation at the bottom, which
has four peaks. Clearly, it can be found in Fig. 4
that the predicted complete mixing time and the
measured result match very well.

In the work of Park,15,66 an empirical equation
proposed by Kurokawa68 was used to transform the
measured complete mixing time to melt the circu-
lation rate. Figures 5 and 6 show the calculated
circulation rate and gas-holdup distribution in the
plume zone at different gas flow rates, respectively.
As illustrated in Fig. 5, the present simulation
nearly catches up to the values measured by
Park,15,66 although a slightly larger error was

Fig. 2. Mesh and boundary conditions of an RH reactor.

Table I. Dimensions and material properties of RH reactor

Actual RH15,66 Water model67

Up/down diameter of ladle (m) 4 0.52/0.45
Bath depth (m) 3.75 0.44
Diameter of vacuum chamber (m) 2.4 0.28
Snorkel diameter (m) 0.73 0.06
Nozzle diameter (m) 0.004 0.0008
Nozzle number 12 8
Snorkel length (m) 1.7 0.3
Submerged depth (m) 0.65 0.1
Pressure of vacuum chamber (Pa) 1333.2 97900.0
Liquid density (kg/m3) 7020 1000
Liquid viscosity (Pa s) 0.006 0.00085
Gas density at 300 K (kg/m3) 1.623 1.25
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observed at the gas flow rate of 210 Nm3/h, which
possibly resulted from the estimation of bubble
expansion in present work, or a larger time interval
for sampling in their experiment. In addition, it also
can be observed in Fig. 5 that the circulation rate
increases markedly with the increase in gas flow
rate, and it does not increase much when the flow
rate increases beyond 210 Nm3/h. With a further
increasing gas flow rate, the circulation rate
increases slowly and then reaches a constant. This
tendency can be explained as follows: As the gas
flow rate increases to 210 Nm3/h, the plume volume
and contact area between bubbles and melt increase

rapidly (Fig. 6a, b, and c), leading to enhancing the
circulation rate. Further increasing the gas flow
rate to 270 Nm3/h, the plume volume and contact
area changes a little (Fig. 6c and d) so that the
circulation rate remains approximately constant.
This result in the present work corresponds with
the experimental result of many investiga-
tors9,22,34,36,37,67 but is contrary to the simulated
result of Geng31 and Park.66 In the simulated result
of Geng31 and Park,66 when the circulation flow rate
exceeds the maximum, it has an evident tendency to
decrease. The reason is possibly due to the overes-
timated plume volume or gas penetration depth in a

Fig. 3. Velocity vectors of different sections in actual RH. Section (a-a) is the symmetry plane (y = 0 mm plane) of the RH reactor, and the
positions of sections (b-b), (c-c), (d-d) and (e-e) are indicated in section (a-a).
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homogeneous fluid model at a high gas flow rate,
which occupies too much space in the up-snorkel
and retards the liquid flow.

The local liquid velocity was verified by using
water modeling because it is almost impossible to
measure for melt. Wei67 measured the local velocity
at several locations with a 1/5-scale water model of a
90-ton RH reactor, and the circulation rate at
different lifting gas flow rates was also measured
directly, as shown in Table II and Fig. 7, respec-
tively. The comparisons indicated that the predicted
local velocity and circulation rate agree with the
experimental data within experimental error.

It could be concluded that the multiphase flow in
both the actual RH reactor and the water model
could be reasonably predicted by the present model.
In the following sections, the effects of the initial
diameter and expansion of the bubble, as well as the
various interphase forces on the multiphase flow of
the RH reactor, are discussed briefly.

Importance of Initial Diameter and Expansion
of the Bubble

The effects of the initial diameter and bubble
expansion on the melt circulation rate are shown in
Fig. 8 when the gas flow rate is 120 Nm3/h. It can be
found that by increasing the bubble diameter from
10 mm to 20 mm, the circulation rate decreases
slowly. This is because with increasing the bubble
diameter, the plume volume changes little and the
contact area between bubbles and the melt will
slightly decrease. As a result, the changes in the
bubble diameter within the above ranges have a
negligible effect on the melt circulation rate.

Figure 8 also indicates that bubble expansion has
a strong impact on the melt circulation rate. The
circulation rate without considering bubble expan-
sion is almost half of the actual value. As shown in
Fig. 9, the bubble expands rapidly in the initial
stage of rising mainly due to the sudden increase of
temperature inside the bubble, and after that, the
bubble continues to expand as a result of pressure

drop. At last, the bubble diameter near the surface
of the vacuum chamber doubles the initial diameter
at the nozzle. Figure 10 shows the effect of bubble
expansion on gas-holdup distribution in the plume
zone. Clearly, the plume volume and contact area
between bubbles and melt without considering the
bubble expansion is much smaller than that when
the expansion is considered. Therefore, bubble
expansion must be taken into account to reasonably
describe the multiphase flow in an actual RH
reactor.

Fig. 4. Variation of tracer concentration with time.
Fig. 5. Variation of circulation rate as a function of argon flow rate.

Fig. 6. Gas-holdup distribution at the plane of symmetry (a-a) and
the cross-section of up-snorkel (b-b) in plume zone ((a)
Qg = 30 Nm3/h; (b) Qg = 90 Nm3/h; (c) Qg = 210 Nm3/h; (d)
Qg = 270 Nm3/h).
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Table II. Liquid velocity at different positions (Qg = 1.9 Nm3/h)

Position Measured (m/s)67 Predicted (m/s)

A: Outlet of down-snorkel 0.452 0.437
B: Impinged zone on the bottom 0.245 0.231
C: Impinged zone on the bottom 0.28 0.27
D: Ascending stream along the ladle wall 0.12 0.112
E: Ascending stream along the ladle wall 0.163 0.157

Fig. 7. Changes in circulation rate with different gas flow rates.

Fig. 8. Effect of initial diameter and expansion of bubble on circu-
lation rate.

Fig. 9. Changes of diameter (a) and temperature (b) of bubble
during rising.
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Importance of Various Interphase Forces

In viscous gas–liquid fluid, drag force always
exists when a bubble moves relative to the liquid.
Generally, the drag force is the dominant contribu-
tion to the interaction forces and plays an absolutely
essential role in determining the multiphase flow.
However, the influence of nondrag forces (lift force,
virtual mass force, and the turbulent dispersion
force) may also or may not be important depending
on the actual fluid flow. Therefore, the drag force is
considered in all cases. Figure 11 shows the influ-
ence of various interphase forces on the liquid
circulation rate. The result indicates that the drag
force plays a decisive role in determining the
circulation rate, and the turbulent dispersion force
also has a strong impact on the circulation rate,
while the lift force and virtual mass force do not
have an obvious effect on it. It can be believed that
the prediction without considering turbulent dis-
persion force only accounts for 75–85% of the actual
value. This was also the reason why the predicted
circulation rate was consistently less than 15–20%
of the measurement, as reported by Kishan et al.35

As a result, the turbulent dispersion force should be
responsible for successful prediction of multiphase
flow in the RH reactor. However, this force was
neglected by most of the researchers.22,33–37,40,41

Because the multiphase flow is determined by a
plume structure in the RH reactor, the effect of
turbulent dispersion force on gas-holdup should be
clarified, as shown in Fig. 12. When the turbulent
dispersion force is absent (Fig. 12a), the gas blown
into the melt rises directly along the wall of the up-
snorkel, and the plume size is narrow. This phe-
nomenon is called the gas-adhering wall effect, and
it exists in the simulation results of most studies
based on the Euler–Euler approach.22,33–37 How-
ever, this phenomenon is not in agreement with the
observation, as reported by Parreiras et al.36,37 In
their water modeling, as the gas rate increased
gradually, the plume zone tended to concentrate in
the central area of the up-snorkel, creating a region
that was predominantly occupied by bubbles. As
shown in Fig. 12b, the gas-adhering wall effect
disappears when turbulent dispersion force is

present because this force plays a decisive role in
driving the bubbles away from the wall toward the
center of the snorkel. In addition, when this force is
considered, the plume zone produces dispersion and
plume size increases obviously, due to the fact that
the effect of liquid velocity fluctuation on bubble
motion is considered. Hence, the turbulent disper-
sion force should be the key to reasonably predicting
the plume structure in the RH reactor and must be
considered.

Fig. 10. Effect of bubble expansion on gas-holdup at Qg = 120 Nm3/
h ((a) without bubble expansion; (b) with bubble expansion).

Fig. 11. Effect of interphase forces on circulation rate ((a) actual RH
reactor; (b) water model).

Fig. 12. Effect of turbulent dispersion force on gas-holdup at
Qg = 60 Nm3/h ((a) without turbulent dispersion force; (b) with
turbulent dispersion force).
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CONCLUSION

In the present work, a mathematical model was
developed to investigate the RH reactor by using the
Euler–Euler approach, and four interphase forces
between the gas and liquid phases were considered.
Meanwhile, the bubble expansion due to thermal
and pressure effects was also taken into account for
the actual RH reactor. The following conclusions
were derived:

1. Numerical results of circulation rate, local liquid
velocity, and mixing time agree well with the
measurements, so the multiphase flow in both the
actual RH reactor and water model can be
reasonably predicted by using the present model.

2. The initial bubble diameter has a weak impact
on multiphase flow, but the bubble expansion
has a tremendous impact on it for the actual RH
reactor.

3. The drag force and turbulent dispersion force
strongly influence the multiphase flow in the RH
reactor, while the lift force and virtual mass
force only have negligible influence on it.

4. Increasing the gas flow rate initially enhances
the circulation rate, but the tendency is not
obvious beyond a certain level.
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